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Abstract 

Spinal cord ischemia can lead to paralysis or paraparesis, but if detected early it may be amenable to treatment. 
Current methods use evoked potentials for detection of spinal cord ischemia, a decades old technology whose 
warning signs are indirect and significantly delayed from the onset of ischemia. Here we introduce and demonstrate a 
prototype fiber optic device that directly measures spinal cord blood flow and oxygenation. This technical advance in 
neurological monitoring promises a new standard of care for detection of spinal cord ischemia and the opportunity for 
early intervention. We demonstrate the probe in an adult Dorset sheep model. Both open and percutaneous 
approaches were evaluated during pharmacologic, physiological, and mechanical interventions designed to induce 
variations in spinal cord blood flow and oxygenation. The induced variations were rapidly and reproducibly detected, 
demonstrating direct measurement of spinal cord ischemia in real-time. In the future, this form of hemodynamic 
spinal cord diagnosis could significantly improve monitoring and management in a broad range of patients, including 
those undergoing thoracic and abdominal aortic revascularization, spine stabilization procedures for scoliosis and 
trauma, spinal cord tumor resection, and those requiring management of spinal cord injury in intensive care settings. 
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Introduction 

Spine trauma from motor vehicle accidents, falls, violence, 
and sports activities, occurs at rates -60 cases per million- 
individuals per year [1-3], and sixty-five percent of patients who 
present with spinal cord injury (SCI) are amenable to 
intervention [4]. Following trauma, early surgical intervention to 
preserve or restore spinal cord blood flow and oxygen delivery 
can help prevent secondary injuries [5-9]. Similarly, elective 
spine stabilization procedures for congenital and degenerative 
spine deformities and tumor resections are frequently 
performed, and many of these patients experience major 
neurological sequelae [10-14]. Finally, open repair or 
percutaneous stenting of descending thoracic aortic aneurysms 
and dissections are carried out relatively frequently [15], and a 
recent investigation found that -28% of these patients 



developed spinal cord ischemia, which in turn led to paralysis 
or paraparesis [16]. 

Surprisingly, even though ischemia plays a prominent role in 
spinal cord injury, tools available to measure spinal cord blood 
flow and oxygenation are extremely limited. The ability to 
measure spinal cord blood flow with laser Doppler Flowmetry 
(LDF) has been demonstrated in both animal and human 
studies [17]. These devices, however, measure flow in a very 
limited tissue volume that is in close proximity to the probe tip; 
LDF sampling volumes are estimated at 0.3-0.5 mm 3 . 
Additionally, positioning of the rigid probe is troublesome, the 
probes are prone to fracture, and they cannot be left in place 
for an extended period of time. Noninvasive methods for spinal 
cord blood flow measurement have been investigated; they 
include single photon emission computed tomography [18] and 
MRI-based arterial spin labeling [19], Indeed MRI and CT may 
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become excellent tools for the measurement of spinal cord 
blood flow and can even be expected to have superior spatial 
sensitivity. However, intra-operative monitoring with both MRI 
and CT is simply not feasible and these tools do not permit 
continuous monitoring. 

Currently, the only methods employed for assessment of 
spinal cord ischemia are based on somatosensory (SSEP) and 
motor (MEP) evoked potentials. These technologies measure 
the integrity of posterior spinal somatosensory and anterior/ 
lateral spinal motor tracts, respectively. When combined, they 
can identify injury, offer insight into the impact of particular 
interventions, and provide an opportunity to limit or reverse 
injury [20,21]. Even with MEP, alerts may be delayed relative to 
the inciting event by 10-20 minutes or more [22,23] because 
signal transmission failure occurs when axons begin to die. 
Such a delay diminishes the opportunity to rescue threatened 
tissues. Neuro-electrophysiological monitoring can also be 
adversely influenced by anesthetic management [24,25], 
hypothermia [26], limb ischemia, and technological 
malfunctions (e.g., lead displacement, disconnection, etc.). 
"False negatives," wherein patients have awakened with 
serious deficits in spite of normal evoked potentials, and "false 
positives," wherein patients have awakened without deficits in 
spite of loss or degradation of signal, have both been reported 
with SSEP [27] and MEP [28,29] monitoring. Finally, accurate 
and timely interpretation of these data requires the continuous 
presence of a skilled physician with expertise in neuro- 
electrophysiological monitoring; such data are not easily 
interpretable by anesthesiologists, surgeons, neurointensivists, 
or nurses. Despite these limitations, MEP and SSEP remain 
the "gold standard" for functional monitoring of the spinal cord 
during aortic, spine, and spinal cord surgery. 

Spinal cord ischemia, either as the inciting event, or via 
secondary spinal cord ischemia after trauma, contributes 
importantly to the outcomes of paralysis and paraparesis. The 
obstacles to overcome for prevention and treatment of spinal 
cord injury are daunting, and achieving these goals is likely to 
occur incrementally. Clearly, in order to prevent or ameliorate 
neurological injury due to spinal cord ischemia, it is desirable to 
detect it at its earliest time-point and follow its progress. To this 
end, we introduce and demonstrate a new optical tool that 
permits direct monitoring of spinal cord blood flow and 
oxygenation. Indeed, because blood flow and oxygenation 
maintenance and reinstitution are at the heart of spinal cord 
integrity and recovery, such a device holds promise to have 
substantial clinical impact, filling a critical void in current spinal 
cord monitoring technology and offering a new approach to 
detect and assess treatment of spinal cord ischemia. Herein we 
report our initial experience in testing the novel fiber optic 
monitor for the detection of spinal cord blood flow and 
oxygenation. The results suggest that the new instrument has 
untapped value for clinical procedures such as aortic 
revascularization, spine stabilization for trauma, surgical 
correction of spine deformities, and resection of spinal cord 
tumors. In addition to surgical applications, the probe could 
facilitate management of spinal cord ischemia in the ICU and 
could aid in preoperative prediction of the risk for spinal cord 
ischemia during aortic surgery. Finally, the demonstrated 



potential of this simple hemodynamic spinal cord monitoring 
tool should facilitate targeted laboratory investigations into the 
efficacy of new therapeutic approaches aiming to prevent or 
ameliorate spinal cord ischemia. 

Materials and Methods 

Ethics Statement 

All animal studies were approved by the Institutional Animal 
Care and Use Committee (IACUC) of the Stony Brook 
University Medical Center, where the experiments were carried 
out. Animal facilities are accredited by the American 
Association for the Accreditation of Laboratory Animal Care. 

Animals and experimental protocol 

The sheep and human spines are close in bony dimensions, 
to include spinal canal depth and width, especially in the 
thoracic and lumbar spines [30]. For both species, canal width 
is greater than depth, thus producing a typically oval shape that 
is most pronounced in the lumbar region. The human spinal 
canal is wider and deeper in the antero-posterior plane than 
sheep [31], potentially inferring that safety demonstrated in the 
sheep model should predict the same, if not greater safety 
profiles in a human. There are numerous reports of the use of 
the sheep model to study spinal cord injury. Kaplan [32], 
Moomiaie [33], and Bockler [34] describe the use of the sheep 
model for detecting interruption of spinal cord blood flow during 
aortic cross-clamping. Numerous reports exist for the testing of 
the epidural approach for anesthesia and for attempts at 
protecting against spinal ischemia in sheep [35-39]. In the 
sheep, the vertebral processes can be more easily palpated 
than in the pig, another model used in spinal cord research. 

We therefore employed ten adult Dorset sheep in the studies 
reported. The animals were approximately 2 years old, and 
weighed approximately 30-40 kg. Animals were pre-treated 
with glycopyrrolate (0.02 mg/kg, IM). Anesthesia was induced 
with ketamine (10-20 mg/kg, IM), and animals were intubated 
and anesthesia maintained with isoflurane (1.5-3.0%) via 
controlled ventilation. The paralytic agent vecuronium (0.1 
mg/kg, IV) was employed after obtaining a deep plane of 
anesthesia. These agents were used to prevent movement 
during electrocautery, during opening the chest, or during 
laminectomy, as movement of the animal due to muscle or 
nerve stimulation may result in injury to the heart or spinal cord 
during dissection. Animals were anesthetized and monitored 
under the supervision of the Department of Laboratory Animal 
Resouces veterinarian. 

Surgical and Monitoring Procedures 

After adequate general anesthesia was established, the 
sheep was positioned prone. When relevant, intra-operative 
fluoroscopy was used to localize the appropriate levels of 
surgery. Otherwise, an estimation based on palpation was 
used to allow for access to the thoracolumbar junction. All 
surgical procedures were undertaken personally by the 
attending neurosurgeon. High powered loupe magnification 
and headlights were used. A midline incision was made with a 
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#10 scalpel blade down to the spinous processes. A self- 
retaining retractor was then placed. Using a Bovie monopolar 
electro cautery, a subperiosteal dissection was performed to 
expose the spinous processes, lamina and medial facets. A 
deeper retractor was then placed to hold the muscle out of the 
field. A Leksell rongeur was then used to remove the intra- 
spinous ligaments as well as the spinous processes 
themselves. The rongeur as well as a burr was used to thin the 
lamina further. A currette and Penfield dissector was then used 
to delineate the interlaminar space. A thin footed Kerrison was 
used to carefully remove the lamina creating a trough that was 
sequentially widened until the dura of the spinal cord was well 
seen. Depending on the needs of the experiment, one to four 
levels were decompressed and exposed. When indicated, the 
dura was opened with the tip of an #11 scalpel blade allowing 
for passage of the detector. 

Femoral and carotid arterial and venous cannulae were 
placed after anesthetic induction, for the measurement of mean 
arterial pressure and microsphere sampling. A left thoracotomy 
was performed via the T6-10 interspace allowing for left atrial 
cannulation for the injection of fluorescent microspheres. An 
intra-aortic balloon was placed via the left femoral artery and 
advanced to a level immediately below the common cephalic 
trunk. The fiber optic probe was placed via either open or 
percutaneously via a 16 gauge Tuohy needle in the lumbar 
interspace, with the epidural space identified by loss of 
resistance to air or saline, and the intrathecal space identified 
by the presence of cerebrospinal fluid (percutaneous). In the 
instance of a laminectomy, the highly flexible probe was placed 
using loupe magnification and was advanced superiorly or 
inferiorly under intact laminae to lay within the epidural or 
intrathecal space. Ventilatory rate and volume, systemic 
oxyhemoglobin saturation (pulse oximetry), and mean arterial 
pressure were continuously monitored (PowerLab, 
ADInstruments, CO). All animals were euthanized under 
general anesthesia at experiment end. 

In all sheep, multiple pharmacological, physiological, and 
mechanical interventions were performed after baseline 
measurements. Hypertension was induced via boluses of 
phenylephrine (400 ug) or vasopressin (4 units). Hypotension 
was induced with nitroprusside (400 ug). Systemic hypoxia and 
hypercarbia were created via respiratory arrest. Spinal cord 
ischemia was induced via inflation of the intra-aortic balloon 
(Koda Cook, Bloomington, IL) to occlude the aorta. Occlusion 
was confirmed radiographically, via direct visual inspection 
through the open chest, and via loss of femoral arterial 
pressure. In all experiments, mean arterial pressure and spinal 
cord blood flow were allowed to return to baseline prior to the 
subsequent intervention. 

Diffuse Optical measurements 

The optical equipment was a homemade instrument that 
employs diffuse optical (DOS) and correlation (DCS) 
spectroscopies [40,41]. The DOS module employs one source 
fiber switched between three amplitude modulated (70 MHz) 
laser diodes in the near-infrared (686, 785 and 830 nm). The 
switching time was adjusted to be 150 milliseconds. Two 
photomultiplier tubes collected modulated light emerging from 



the spinal cord. The DCS module used a continuous-wave, 
long-coherence length (>20 m), 785 nm laser. Two photon- 
counting avalanche photodiodes collected DCS light and were 
fed to a four-channel autocorrelator board that computed the 
temporal intensity autocorrelation function of the collected light. 
Optical fibers deliver (collect) light to (from) the spinal cord. The 
optical probe was a custom made long and thin specifically for 
the purpose of this study. It is 3 m long so that the instrument 
can be positioned distant from the procedure, and its diameter 
is a little less than 1 mm (see Figure 1A for details on the 
probe). The optical probe is made of glass fibers covered by 
Teflon, and employed two source-detector separations at 1 and 
2 cm. The whole acquisition cycle takes approximately 3.5 
seconds (3 seconds for DCS and approximately 0.5 seconds 
for DOS). 

The transmitted light intensity variation for each source- 
detector pair at each wavelength was processed to derive 
chromophore concentration changes, i.e., oxy- (AHb0 2 ) and 
deoxy-hemoglobin (AHb) concentration changes, using the 
modified Beer-Lambert law with a differential path-length factor 
(DPF) of 4 for all three wavelengths [40]. The DPF value was 
chosen based on our previous experience with other tissues, 
since no values are available for spinal cord in the literature. 
From the oxy- and deoxy-hemoglobin concentration changes, 
we determined changes in tissue oxygen saturation, (AS,0 2 ), 
relative to a baseline period. Tissue oxygen saturation, S t 0 2 (t), 
is defined as the ratio, Hb0 2 (t)/[Hb0 2 (t) + Hb(t)], where for each 
chromophore, x(t) = x(t 0 ) + Ax; here, t 0 denotes the baseline 
period, the averages during baseline are taken over a period of 
two minutes before the interventions, and x = Hb0 2 , Hb, 
respectively. In order to determine absolute baseline 
hemoglobin concentrations, we employed a white-light 
spectrometer system independently. Details about the 
instrument and data analysis can be found elsewhere [42-45]. 
Briefly, our white-light spectrometer utilizes the same principles 
of diffuse optics as DOS, but its spectral content enables 
experimenters to derive absolute hemoglobin concentrations at 
a single point in time (i.e., in contrast to the DOS system which 
provides continuous measurement of the relative changes in 
hemoglobin concentration). Across six trials with the white-light 
spectrometer, the mean (standard deviation) absolute 
concentrations for Hb0 2 and Hb were 27.2 (7.8) pmol and 10.5 
(1 .7) pmol, respectively. We used these values as our estimate 
of baseline absolute hemoglobin concentrations in subsequent 
analyses. 

Measures of spinal cord blood flow were estimated from 
DCS data by fitting the measured intensity autocorrelation 
function to the solution of the photon correlation diffusion 
equation in the semi-infinite geometry with extrapolated zero 
boundary conditions [41,46]. The Brownian motion model was 
used to approximate the mean-square particle displacement of 
the moving scatterers in the tissue, and thus to derive a spinal 
cord blood flow index (BFI) [41]. Relative changes in blood flow 
(ABF) were calculated from ABF(t) = ABFI(t) = BFI(t)/BFI(t 0 ) - 
1, where t 0 denotes the baseline period and baseline data are 
derived from two-minute averages of BFI before the 
interventions. 
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Figure 1. Fiber optic instrument validation. (A) Detailed schematics of the experiment, featuring the instrument and its thin fiber 
optic probe. (B) In this experiment the instrument detected consistent physiologic changes due to three consecutive boluses of 
nitroprusside (gray arrows); the first bolus was 200 ug and the subsequent ones were 400 ug. Arrows indicate the time when the 
drug was administered. Each time point represents the mean value estimated by averaging the data from the two source-detector 
separations; the error bars represent the minimum and maximum blood flow/oxygenation changes measured across the source- 
detector separations. In the oxygen saturation time-course, the error bars also account for the uncertainty in the DPF assumed to 
estimate hemoglobin concentration changes. (MAP = mean arterial pressure, femoral (f) or carotid (c); ABF = changes in blood flow; 
AS t 0 2 = changes in tissue oxygen saturation). 

doi: 10.1371/joumal.pone.0083370.g001 



For each time point, we averaged ABF and AS t 0 2 from the 
two source-detector separations. This procedure enabled us to 
estimate a blood flow/oxygenation time-series during each 
experiment. In the figures, each time point thus represents the 
mean value estimated from the two source-detector 
separations, and the error bars represent the corresponding 
minimum and maximum blood flow/oxygenation changes. In 
addition, for oxygenation changes, the choice of a DPF value of 
4 may lead to systematic errors in quantification; therefore, we 
analyzed the effect of varying DPF from 2 to 8 on our data, and 
this effect was propagated and accounted for in the reported 
error bars. 

Microsphere measurements 

Microspheres were employed to validate DCS flow 
measurements. Multi-colored, nonradioactive stable-isotope 
labeled microspheres of 15-um diameter were injected into the 
left atrium (1 ml, 2x1 0 6 microspheres/ml, STERIspheres, 
Biopal, MA). Differently colored microspheres were used to 
perform measurements at different time points. Following 
euthanasia, the spinal cord was labeled, resected, and 
preserved. Spinal cord tissue blocks were then prepared for 
subsequent analysis of relative microsphere concentrations 
[47-50]. 



Statistical Analysis 

The changes due to intervention were calculated from the 
highest/lowest blood flow/oxygenation value in the time-course 
during the intervention period. For each intervention, data were 
summarized using the mean change and standard error, i.e., 
by averaging over all trials and all animals. Non-parametric 
Wilcoxon signed rank tests were used to assess whether the 
observed differences were statistically distinct from those at 
baseline. Similarly, Wilcoxon rank sum tests were used to 
compare hemodynamic changes measured with the different 
surgical approaches (subdural, epidural, percutaneous). 

The comparison between spinal cord blood flow measured 
by DCS and the microspheres techniques was carried out by 
correlating the simultaneous point measures across all animals 
and trials. The degree of correlation was measured by the 
Pearson correlation coefficient. The ratio of DCS changes to 
microsphere changes was obtained from the slope of the 
curve. All data analyses and statistics were performed with 
Matlab (MathWorks Inc., Natick, MA). 

Results 

Measurements with the fiber optic device are feasible and 
sensitive. The fiber optic instrument is shown schematically in 
Figure 1A. It utilizes the principles of diffuse optics to probe the 
vasculature of thick tissues surrounding the spinal cord. Diffuse 
optical spectroscopy (DOS) is employed to measure changes 
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in tissue hemoglobin concentration, providing a direct 
measurement of tissue oxygen saturation changes (AS t 0 2 ) 
[40]. Diffuse correlation spectroscopy (DCS) is used to 
measure changes in tissue blood flow (ABF) [41]. Both 
methods utilize near infrared light because deep tissue 
penetration is required. The instrument was tested in ten adult 
Dorset sheep after placement in the mid- and lower-thoracic 
spinal regions. 

To test the sensitivity of the DCS/DOS fiber optic probe we 
first examined its response to pharmacological and 
physiological perturbations with known, predictable responses. 
A representative example is shown in Figure 1B, wherein 
repeated episodes of hypotension elicited with nitroprusside 
boluses produced the expected decrease in spinal cord blood 
flow and modest decreases in oxygenation (Figure 1B). The 
induced hemodynamic variations were rapidly and reproducibly 
detected by the optical device. In total, the optical probe 
successfully detected significant decreases (p = 0.004) in 
spinal cord blood flow associated with the bolus of hypotensive 
agents in 9/9 trials, and significant increases (p = 0.003) in 
spinal cord blood flow associated with the bolus of 
hypertensive agents in 12/12 trials. Across all animals, the 
mean (standard error) change in blood flow associated with the 
hypotensive and hypertensive challenges was, respectively, 
-38.9 (3.6) % and 52.8 (3.8) %. The minimum (maximum) flow 
change measured by the device during the hypotensive and 
hypertensive challenges was, respectively, -25 % (-55 %) and 
40 % (70 %). The spinal cord blood flow, measured for the first 
time by optics, closely paralleled changes in femoral and/or 
carotid mean arterial pressures (fMAP and cMAP, respectively) 
during hypotensive and hypertensive challenges. On multiple 
occasions, blood flow returned to baseline before MAP 
returned to baseline, an effect that may document pressure 
autoregulation of blood flow by the spinal cord. Finally, 
systemic hypoxia and hypercarbia, induced by breath-hold, 
resulted in an increase in spinal cord blood flow and fall in 
oxygenation, all consistent with physiologic expectations. In 
three animals, we measured a mean (minimum, maximum) 
increase of 93.3 (90, 100) % in blood flow, and a -13.7 (-15, 
-13) % decrease in oxygen saturation due to 5 minutes of 
breath-holding designed to elicit systemic hypoxia and 
hypercarbia; femoral and carotid mean arterial pressures were 
unaffected in this smaller study. 

A second group of measurements demonstrated that the 
optical instrument can be employed in either epidural or 
subdural positions, and can be placed via laminectomy or via a 
percutaneous approach. Briefly, the probe was positioned: 1) 
upon the posterior cord after thoracic laminectomy, within the 
subdural space; 2) upon the posterior cord after thoracic 
laminectomy, within the epidural space (both locations were 
confirmed under direct vision), and finally, 3) upon the posterior 
cord after percutaneous placement, through a 16 gauge Tuohy 
needle positioned at the lumbar spine, and after cephalad 
advancement. Specifically, the feasibility for employing the 
optical probe in both epidural and subdural positions 
(approaches 1 and 2 described above) was tested, along with 
the ability to place the probe via laminectomy (Movie S1) or a 
percutaneous approach (Movie S2). The percutaneous 



approach, in particular, is similar to current techniques used to 
place spinal drains and epidural catheters. 

In all positions, and using both open and percutaneous 
approaches, hemodynamic changes in the spinal cord due to 
pharmacological, physiological, and mechanical interventions 
were measured. Hypertensive challenges, for example, 
produced expected increments in spinal cord blood flow and 
modest oxygenation variation (Figure 2). Importantly, spinal 
cord blood flow measured at the epidural position was not 
statistically different from spinal cord blood flow measured at 
the subdural position for all different interventions (p = 0.87). 
Measurements in both positions provided nearly identical 
perfusion information, thereby demonstrating that the presence 
of an intervening dural layer did not impair detection of vascular 
dynamics. Finally, tissue flow measurements after 
percutaneous positioning were consistent with those obtained 
when the probe was placed under direct vision. Percutaneous 
positioning of the probe yielded hemodynamic changes that 
were not statistically different from changes measured when 
the probe was placed under direct vision (p = 0.65), an 
observation of substantial practical import, since the 
percutaneous placement of similar epidural catheters and 
cerebrospinal fluid drains has demonstrated an excellent safety 
profile, over many years in clinical practice. 

A third group of measurements showed that the optical 
instrument can sensitively and rapidly detect spinal cord 
hemodynamic changes due to aortic occlusion. We tested the 
sensitivity of the probe for detecting blood flow and 
oxygenation changes by using an ischemia model that 
replicates what is seen during thoracic aortic surgery, wherein 
the intercostal blood supply to the spinal cord from the aorta is 
interrupted via clamping, resection, or placement of an 
endoluminal graft. As previously described in the Surgical and 
Monitoring Procedures subsection, the aorta was occluded in 
our sheep model via inflation of an endo-aortic balloon just 
below the common cephalic trunk. Occlusion was maintained 
for 5 minutes. Immediately following aortic occlusion, spinal 
cord blood flow was observed to fall precipitously to levels 90% 
below baseline. During the period of occlusion, oxygenation fell 
more slowly, decreasing 20-40% below baseline (Figure 3). 
This pattern was detected in 14/14 aortic occlusions, both in 
open and percutaneous DCS/DOS fiber optic probe placement 
approaches. Across all trials and all animals, we observed a 
significant decrease (mean (standard error)) in spinal cord 
blood flow and oxygenation of -97.5 (12.8) % (p = 0.002) and 
-23.1 (4.9) % (p = 0.016), respectively. 

The final experiment compared optical changes with 
independent measurements employing multi-colored 
microspheres for the assessment of flow at baseline, and 
following aortic occlusion and hypertensive interventions (N = 
8). Spinal cord sections from immediately superior and inferior 
to the position where fiber optic probe was placed were 
collected after euthanasia for microsphere quantification [47]. A 
direct comparison between the flow index of the optical device 
and the microsphere technique is hard to achieve, because the 
latter reflects perfusion resulting from several cardiac ejections, 
only offering a "snapshot" of flow, while the fiber optic probe 
measures flow continuously. Nevertheless, across all 8 data 
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Figure 2. Hemodynamic changes measured through different approaches. Mean arterial pressure and hemodynamic 
changes measured during injection of boluses of phenylephrine injection (red arrow) followed by vasopressin injection (black arrow) 
in (A) subdural, (B) epidural, and (C) subdural positions after percutaneous approach. Arrows indicate the instant the drug was 
administered. Each time point represents the mean value estimated by averaging the data from the two source-detector 
separations; the error bars represent the minimum and maximum blood flow/oxygenation changes measured across the source- 
detector separations. In the oxygen saturation time-course, the error bars also account for the uncertainty in the DPF assumed to 
estimate hemoglobin concentration changes. (MAP = mean arterial pressure, femoral (f) or carotid (c); ABF = changes in blood flow; 
AS t 0 2 = changes in tissue oxygen saturation). 

doi: 10.1371/journal.pone.0083370.g002 



points collected, the techniques are highly correlated (R = 
0.93), with slope close to unity (i.e., DCS/microspheres = (0.90 
± 0.16)). Such a strong linear relationship suggests that the 
optical device is indeed measuring spinal cord blood flow. 
Furthermore, the fact that the probe detected a marked loss of 
flow during aortic occlusion that correlated tightly with a near 
complete loss of blood flow as validated by microspheres 
would strongly suggest that the device was indeed detecting a 
loss of spinal cord blood flow, the magnitude of which would 
cause ischemia. 

Discussion 

Spinal cord injuries occur at high rates worldwide and 
represent a high cost for the society and the individual. In 
cases where patients are amenable to intervention, detection 
and monitoring of spinal cord hemodynamics is crucial for 
avoiding secondary ischemia in the intensive care unit or 
intraoperative setting. Failure to detect spinal cord ischemia 
may result in permanent paraplegia, and early detection of 
spinal cord ischemia enables implementation of therapeutic 
interventions that can stabilize or reverse injury, and decrease 
morbidity. Unfortunately, no technology is available to directly 
and continuously monitor the impact of interventions on spinal 
cord blood flow and oxygenation currently. 

In this study, we introduce and demonstrate a fiber optic 
technology based on diffuse optical principles, that enables 
direct, quantitative, and continuous monitoring of spinal cord 
blood flow and oxygenation. The instrument was tested in adult 
Dorset sheep after placement in the mid- and lower-thoracic 



spinal regions, using both open (laminectomy) and closed 
(percutaneous) insertion techniques. The device proved 
capable of measuring spinal cord blood flow and oxygenation 
when placed immediately adjacent to the spinal cord within the 
intrathecal, above the dura in the epidural space (open 
approaches), and via percutaneous approach. 

We tested the fiber optic probe's response to pharmacologic, 
physiological, and mechanical interventions, designed to alter 
mean arterial pressure, induce hypoxia and hypercarbia, and to 
elicit spinal cord ischemia. The induced variations of spinal 
cord blood flow and oxygenation were rapidly and reproducibly 
detected by the diffuse optical device. Hemodynamic changes 
in the spinal cord were consistent with expectations in all 
cases. Lastly, variations in spinal cord blood flow measured by 
the fiber optic probe were in tight agreement with concurrent 
measurements of flow made with multi-colored microspheres, 
the "gold standard" for measurement of blood flow in the 
laboratory. While the high correlation is promising, more 
validation data points at different interventions are needed to 
derive a more accurate quantitative change in blood flow by 
DCS. Most of the simultaneous microspheres/DCS data were 
collected during ischemia interventions due to the potential for 
the technique to detect ischemia, which might introduce a bias 
in the estimated slope of DCS/microspheres validation. More 
simultaneous measurements of DCS and microspheres during 
different interventions that elicit different magnitudes of flow 
changes will be performed in the near future. 

Regarding safety, the device can be placed via both open 
and percutaneous approaches using methods currently in 
clinical use and with proven safety [51,52]. Complications 
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Figure 3. Hemodynamic monitoring during 

ischemia. Blood flow (ABF), oxygen saturation (AS t 0 2 ) and 
mean arterial pressure (MAP, femoral (f) or carotid (c)) 
changes measured percutaneously during intra-aortic balloon 
inflation (grey area). 

doi: 10.1371/journal.pone.0083370.g003 

associated with instrumentation of the spine could include 
principally hematoma, infection (arachnoiditis, meningitis, and 
abscess), direct nerve injury, headache, cerebrospinal fluid 
leak, and intracranial hemorrhage. Hazards associated with 
fiber optic technology also include the potential for thermal 
injury, electrical shock, and toxicity related to materials [53], 
Our probe is coated with Teflon (PTFE), a thermoplastic 
polymer used to create the flexible, heat-shrink tubing 
enclosing the fiber-optic probe. Teflon has been widely used in 
medical applications such as catheters and vascular grafts. It is 
resistant to high temperatures of up to 230°C. Its 
biocompatibility has been classified as USP-VI and extensive 
biocompatibility testing is not required. 

Together, the results presented in this study indicate that the 
novel optical instrumentation presents a promising 
methodology for probing spinal cord hemodynamics non- 
invasive^ and continuously. A few steps are still required, 
however, before moving the technique to clinical applications in 

References 

1. Kattail D, Furlan JC, Fehlings MG (2009) Epidemiology and clinical 
outcomes of acute spine trauma and spinal cord injury: experience from 
a specialized spine trauma center in Canada in comparison with a large 
national registry. J Trauma 67: 936-943. doi:10.1097/TA. 
0b013e3181a8b431. PubMed: 19901651. 

2. van den Berg ME, Castellote JM, Mahillo-Fernandez I, de Pedro- 
Cuesta J (2010) Incidence of spinal cord injury worldwide: a systematic 



the near future. Technologically, improved real-time data 
processing and display will represent an important step toward 
unattended bedside monitoring in the neuro-ICU. A full 
biocompatibility analysis of the probe remains to be 
undertaken. From a methodologic perspective, the ability to 
separate between the anterior and posterior circulation 
hemodynamics and correlation with both motor and 
somatosensory evoked potential monitoring will permit 
discrimination of threats to the motor or somatosensory tracts. 
Clinically, the tolerance of the spinal cord to decrements in 
blood flow is currently not known, and the device introduced in 
this manuscript presents a pathway to produce further research 
about this topic. Ultimately, correlation of spinal cord blood flow 
changes with neurological deficits will be important to 
understand. 

In summary, the device we have introduced and 
demonstrated has the potential to fill an important gap in 
neuromonitoring for the prevention and amelioration of spinal 
cord ischemia. It is particularly attractive because it enables 
direct, continuous measurement of spinal cord blood flow and 
oxygenation and immediate detection of changes in these 
parameters, with high fidelity. 

Supporting Information 

Movie S1. Probe positioning during subdural 
measurement. The movie shows how the fiber optic device is 
placed through durotomy over the spinal cord. 
(M4V) 

Movie S2. Probe positioning during percutaneous 
measurement. The movie shows how the fiber optic device is 
placed percutaneously via a 16 gauge Tuohy needle. It is 
possible to see the probe flashing over spinal cord at 
laminectomy site. 
(M4V) 

Acknowledgements 

The authors would like to thank Michael Cutrone (Stony Brook 
University) and Lee J. Milas, BS (George Washington 
University School of Medicine), and the technicians from the 
Division of Laboratory Animal Resources (DLAR) at Stony 
Brook Medical Center. 

Author Contributions 

Conceived and designed the experiments: TFF RCM AGY. 
Performed the experiments: RMG TVB AE TFF. Analyzed the 
data: AD SSS AE RCM. Wrote the manuscript: RCM TFF AGY. 



review. Neuroepidemiology 34: 184-192. doi:10. 1159/000279335. 
PubMed: 20130419. 
3. Wyndaele M, Wyndaele JJ (2006) Incidence, prevalence and 
epidemiology of spinal cord injury: what learns a worldwide literature 
survey? Spinal Cord 44: 523-529. doi:10.1038/sj.sc.3101893. PubMed: 
16389270. 



PLOS ONE | www.plosone.org 



7 



December 2013 | Volume 8 | Issue 12 | e83370 



Optical Monitoring of Spinal Cord 



4. Dimar JR, Fisher C, Vaccaro AR, Okonkwo DO, Dvorak M et al. (2010) 
Predictors of complications after spinal stabilization of thoracolumbar 
spine injuries. J Trauma 69: 1497-1500. doi:10.1097/TA. 
0b013e3181cc853b. PubMed: 20404758. 

5. Wilson JR, Fehlings MG (2011) Emerging approaches to the surgical 
management of acute traumatic spinal cord injury. Neurotherapeutics 8: 
187-194. doi:10.1007/s13311-011-0027-3. PubMed: 21373951. 

6. Gupta R, Bathen ME, Smith JS, Levi AD, Bhatia NN et al. (2010) 
Steward, Advances in the management of spinal cord injury. J Am 
Acad Orthop Surg 18: 210-222. PubMed: 20357230. 

7. Furlan JC, Noonan V, Cadotte DW, Fehlings MG (2011) Timing of 
decompressive surgery of spinal cord after traumatic spinal cord injury: 
an evidence-based examination of pre-clinical and clinical studies. J 
Neurotrauma 28: 1371-1399. doi:10.1089/neu.2009.1147. PubMed: 
20001726. 

8. Oyinbo CA (2011) Secondary injury mechanisms in traumatic spinal 
cord injury: a nugget of this multiply cascade. Acta Neurobiol Exp 
(Wars) 71: 281-299. PubMed: 21731081. 

9. Jia X, Kowalski RG, Sciubba DM, Geocadin RG (2013) Critical Care of 
Traumatic Spinal Cord. Injury - J Intensive Care Med 28: 12-23. doi: 
10.11 77/088506661 1 403270. 

10. Drazin D, Jeswani S, Shirzadi A, Choulakian A, Alexander MJ et al. 
(2011) Anterior spinal artery syndrome in a patient with vasospasm 
secondary to a ruptured cervical dural arteriovenous fistula. J 
Neuroimaging, epub ahead of print. 

11. Pastorelli F, Di Silvestre M, Plasmati R, Michelucci R, Greggi T et al. 
(2011) The prevention of neural complications in the surgical treatment 
of scoliosis: the role of the neurophysiological intraoperative monitoring. 
Eur Spine J 20: S105-S114. doi:10.1007/s00586-010-1495-6. PubMed: 
21416379. 

12. Reames DL, Smith JS, Fu KM, Polly DW Jr., Ames CP et al. (2011) 
Scoliosis Research Society Morbidity and Mortality Committee, 
Complications in the Surgical Treatment of 19,360 Cases of Pediatric 
Scoliosis: A Review of the Scoliosis Research Society Morbidity and 
Mortality Database. Spine 36: 1484-1491. doi:10.1097/BRS. 
0b013e3181f3a326. PubMed: 21037528. 

13. Modi HN, Suh SW, Yang JH, Yoon JY (2009) False-negative 
transcranial motor- evoked potentials during scoliosis surgery causing 
paralysis: a case report with literature review. Spine 34: E896-E900. 
doi:10.1097/BRS.0b013e3181b40d4f. PubMed: 19910760. 

14. Patil CG, Patil TS, Lad SP, Boakye M (2008) Complications and 
outcomes after spinal cord tumor resection in the United States from 
1993 to 2002. Spinal Cord 46: 375-379. doi:10.1038/sj.sc.3102155. 
PubMed: 18071353. 

15. Olsson C, Thelin S, Stahle E, Ekbom A, Granath F (2006) Thoracic 
aortic aneurysm and dissection: increasing prevalence and improved 
outcomes reported in a nationwide population-based study of more 
than 14,000 cases from 1987 to 2002. Circulation 114: 2611-2618. doi: 
10.1161/CIRCULATIONAHA.106.630400. PubMed: 17145990. 

16. Messe SR, Bavaria JE, Mullen M, Cheung AT, Davis R et al. (2008) 
Neurologic outcomes from high risk descending thoracic and 
thoracoabdominal aortic operations in the era of endovascular repair. 
Neurocrit Care 9: 344-351. doi:10.1007/s12028-008-9104-9. PubMed: 
18483880. 

17. Simonovich M, Barbiro-Michaely E, Mayevsky A (2008) Real-time 
monitoring of mitochondrial NADH and microcirculatory blood flow in 
the spinal cord. Spine 33: 2495-2502. doi:10.1097/BRS. 
0b013e3181859a92. PubMed: 18978589. 

18. Cermik TF, Tuna H, Kaya M, Tuna F, Gultekin A et al. (2006) 
Assessment of regional blood flow in cerebral motor and sensory areas 
in patients with spinal cord injury. Brain Res 1109: 54-59. doi:10.1016/ 
j.brainres.2006.06.044. PubMed: 16859656. 

19. Duhamel G, Callot V, Decherchi P, Le Fur Y, Marqueste T et al. (2009) 
Mouse lumbar and cervical spinal cord blood flow measurements by 
arterial spin labeling: sensitivity optimization and first application. Magn 
Reson Med 62: 430-439. doi:10.1002/mrm.22015. PubMed: 19526492. 

20. Costa P, Bruno A, Bonzanino M, Massaro F, Caruso L (2007) 
Somatosensory- and motor-evoked potential monitoring during spine 
and spinal cord surgery. Spinal Cord 45: 86-91. doi:10.1038/sj.sc. 
3101934. PubMed: 16670686. 

21. Deletis V, Sala F (2008) Intraoperative neurophysiological monitoring of 
the spinal cord during spinal cord and spine surgery: a review focus on 
the corticospinal tracts. Clin Neurophysiol 119: 248-264. doi:1 0.1 016/ 
j.clinph.2007.09.135. PubMed: 18053764. 

22. Etz CD, Homann TM, Luehr M, Kari FA, Weisz DJ et al. (2008) Spinal 
cord blood flow and ischemic injury after experimental sacrifice of 
thoracic and abdominal segmental arteries. Eur J Cardiothorac Surg 
33: 1030-1038. doi:10.1016/j.ejcts.2008.01.069. PubMed: 18374592. 



23. Kakinohana M, Abe M, Miyata Y, Oshiro M, Saikawa S et al. (2008) 
Delayed response of transcranial myogenic motor-evoked potential 
monitoring to spinal cord ischemia during repair surgery for descending 
thoracic aortic aneurysm. J Anesth 22: 304-307. doi:10.1007/ 
S00540-008-0633-3. PubMed: 18685941. 

24. Deiner S (2010) Highlights of anesthetic considerations for 
intraoperative neuromonitoring. Semin Cardiothorac Vase Anesth 14: 
51-53. doi:10.1177/1089253210362792. PubMed: 20472627. 

25. Mahmoud M, Sadhasivam S, Salisbury S, Nick TG, Schnell B et al. 
(2010) Susceptibility of transcranial electric motor-evoked potentials to 
varying targeted blood levels of dexmedetomidine during spine surgery. 
Anesthesiology 112: 1364-1373. doi:10.1097/ALN.0b013e3181d74f55. 
PubMed: 20460997. 

26. Wang AC, Than KD, Etame AB, La Marca F, Park P (2009) Impact of 
anesthesia on transcranial electric motor evoked potential monitoring 
during spine surgery: a review of the literature. Neurosurg Focus 27: 
E7. doi:10.3171/2009.7.FOCUS09146. PubMed: 19795956. 

27. Lesser RP, Raudzens P, Liiders H, Nuwer MR, Goldie WD et al. (1986) 
Postoperative neurological deficits may occur despite unchanged 
intraoperative somatosensory evoked potentials. Ann Neurol 19: 22-25. 
doi:10.1002/ana.410190105. PubMed: 3947036. 

28. Hong JY, Suh SW, Modi HN, Hur CY, Song HR, et al. (2010) False 
negative and positive motor evoked potentials in one patient: is single 
motor evoked potential monitoring reliable method?: a case report and 
literature review. Spine 35: E912-916. 

29. ter Wolbeek C, Hartert M, Conzelmann LO, Peivandi AA, Czerny M et 
al. (2010) Value and pitfalls of neurophysiological monitoring in thoracic 
and thoracoabdominal aortic replacement and endovascular repair. 
Thorac Cardiovasc Surg 58: 260-264. doi:10.1055/s-0030-1249904. 
PubMed: 20680900. 

30. Mun-Bryce S, Wilkerson AC, Papuashvili N, Okada YC (2001) 
Recurring episodes of spreading depression are spontaneously elicited 
by an intracerebral hemorrhage in the swine. Brain Res 888: 248-255. 
doi:10.1016/S0006-8993(00)03068-7. PubMed: 11150481. 

31. Sheng SR, Wang XY, Xu HZ, Zhu GQ, Zhou YF (2010) Anatomy of 
large animal spines and its comparison to the human spine: a 
systematic review. Eur Spine J 19: 46-56. doi:10.1007/ 
S00586-009-1 192-5. PubMed: 19876658. 

32. Kaplan BJ, Friedman WA, Gravenstein N, Richards R, Davis RF (1987) 
Effects of aortic occlusion on regional spinal cord blood flow and 
somatosensory evoked potentials in sheep. Neurosurgery 21: 668-675. 
doi:10.1227/00006123-198711000-00012. PubMed: 3696400. 

33. Moomiaie RM, Ransden J, Stein J, Strugar J, Zhu QB et al. (2007) 
Cooling catheter for spinal cord preservation in thoracic aortic surgery. 
J Cardiovasc Surg (Torino) 48: 103-108. PubMed: 17308529. 

34. Bbckler D, Kotelis D, Kohlhof P, von Tengg-Kobligk H, Mansmann U et 
al. (2007) Spinal cord ischemia after endovascular repair of the 
descending thoracic aorta in a sheep model. Eur J Vase Endovasc 
Surg 34: 461-469. doi:10.1016/j.ejvs.2007.04.030. PubMed: 17683959. 

35. Coffey RJ, Miesel K, Billstrom T (2010) Cerebrospinal Fluid Pressure 
Measurement in the Ovine Intrathecal Space: A Preliminary Study 
towards the Diagnosis of Intrathecal Drug Administration Catheter 
Dislodgement or Occlusion. Stereotact Funct Neurosurg 88: 337-344. 
doi:10.1159/000319034. PubMed: 20733347. 

36. Gradert TL, Baze WB, Satterfield WC, Hildebrand KR, Johansen MJ et 
al. (2003) Safety of chronic intrathecal morphine infusion in a sheep 
model. Anesthesiology 99: 188-198. doi: 
10.1097/00000542-200307000-00029. PubMed: 12826859. 

37. Grono LR (1966) Spinal anaesthesia in the sheep. Aust Vet J 42: 
58-59. doi:10.1111/j.1751-0813.1966.tb04660.x. PubMed: 5906840. 

38. Ratajczak-Enselme M, Estebe JP, Dollo G, Chevanne F, Bee D et al. 
(2009) Epidural, intrathecal and plasma pharmacokinetic study of 
epidural ropivacaine in PLGA-microspheres in sheep model. Eur J 
Pharm Biopharm 72: 54-61. doi:10.1016/j.ejpb.2008.11.003. PubMed: 
19061956. 

39. Ture H, Eti Z, Gogiis FY, Diizgun O, Mutlu Z et al. (2010) 
Histopathological effects on epidural tissue of bolus or continuous 
infusions through an epidural catheter in ewes. Anaesthesia 65: 
473-477. doi:10.1111/j.1365-2044.2010.06309.x. PubMed: 20337627. 

40. Durduran T, Choe R, Baker WB, Yodh AG (2010) Diffuse optics for 
tissue monitoring and tomography. Rep Prog Phys 73: 076701. doi: 
10.1088/0034-4885/73/7/076701. 

41. Mesquita RC, Durduran T, Yu G, Buckley EM, Kim MN et al. (2011) 
Direct measurement of tissue blood flow and metabolism with diffuse 
optics. Philosophical Trans Royal Soc A 369: 4358-4379. doi:10.1098/ 
rsta.201 1.0302. PubMed: 22006897. 

42. Wilson BC, Farrell TJ, Patterson MS (1990) An optical fiber-based 
diffuse reflectance spectrometer for non-invasive investigation of 
photodynamic sensitizers in vivo. Proc SPIE 6: 219-232. 



PLOS ONE | www.plosone.org 



8 



December 2013 | Volume 8 | Issue 12 | e83370 



Optical Monitoring of Spinal Cord 



43. Hull EL, Nichols MG, Foster TH (1998) Quantitative broadband near- 
infrared spectroscopy of tissue-simulating phantoms containing 
erythrocytes. Phys Med Biol 43: 3381-3404. doi: 
10.1088/0031-9155/43/11/014. PubMed: 9832022. 

44. Mesquita RC, Skuli N, Kim MN, Liang J, Schenkel S et al. (2010) 
Hemodynamic and metabolic diffuse optical monitoring in a mouse 
model of hindlimb ischemia. Biomed Opt Express 1: 1173-1187. doi: 
10.1364/BOE.1.001173. PubMed: 21258539. 

45. Wang HW, Finlay JC, Lee K, Zhu TC, Putt ME et al. (2007) Quantitative 
comparison of tissue oxygen and motexafin lutetium uptake by ex vivo 
and noninvasive in vivo techniques in patients with intraperitoneal 
carcinomatosis. J Biomed Opt 12: 034023. doi:10.1 1 17/1 .2743082. 
PubMed: 17614731. 

46. Boas DA, Campbell LE, Yodh AG (1995) Scattering and imaging with 
diffusing temporal field correlations. Phys Rev Lett 75: 1855-1858. doi: 
10.1103/PhysRevLett.75.1855. PubMed: 10060408. 

47. Van Oosterhout MF, Willigers HM, Reneman RS, Prinzen FW (1995) 
Fluorescent microspheres to measure organ perfusion: validation of a 
simplified sample processing technique. Am J Physiol 269: H725-H733. 
PubMed: 7653638. 

48. Luchtel DL, Boykin JC, Bernard SL, Glenny RW (1998) Histological 
methods to determine blood flow distribution with fluorescent 



microspheres. Biotech Histochem 73: 291-309. doi: 
10.3109/10520299809141123. PubMed: 9888355. 

49. De Visscher G, Leunens V, Borgers M, Reneman RS, Flameng W et al. 
(2003) Nirs mediated CBF assessment: validating the indocyanine 
green bolus transit detection by comparison with coloured microsphere 
flowmetry. Adv Exp Med Biol 540: 37-45. doi: 
10. 1007/978-1 -4757-61 25-2_7. PubMed: 15174600. 

50. Eucker SA, Hoffman BD, Natesh R, Ralston J, Armstead WM et al. 
(2010) Development of a fluorescent microsphere technique for rapid 
histological determination of cerebral blood flow. Brain Res 1326: 
128-134. doi:10.1016/j.brainres.2010.02.059. PubMed: 20193669. 

51. Grady RE, Horlocker TT, Brown RD, Maxson PM, Schroeder DR 
(1999) Neurologic complications after placement of cerebrospinal fluid 
drainage catheters and needles in anesthetized patients: implications 
for regional anesthesia. Mayo Perioperative Outcomes Group 
Anesthesia and Analgesia 88: 388-392 

52. Wheatley RG, Schug SA, Watson D (2001) Safety and efficacy of 
postoperative epidural analgesia. Br J Anaesth 87: 47-61. doi: 
10.1093/bja/87.1.47. PubMed: 11460813. 

53. Utzinger U, Richards-Kortum RR (2003) Fiber optic probes for 
biomedical optical spectroscopy. J Biomed Opt 8: 121-147. doi: 
10.1117/1.1528207. PubMed: 12542388. 



PLOS ONE | www.plosone.org 



9 



December 2013 | Volume 8 | Issue 12 | e83370 



